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ABSTRACT 

A technique was developed for direct measurement of gas temperatures in the range of 2050K - 
2700K with improved accuracy and reproducibility. The technique utilized the iow-emittance of 
certain fibrous materials, and the uncertainty of the technique was limited by the uncertainty in the 
melting points of the materials, i.e., +15K. The materials were pure, thin, metal-oxide fibers 
whose diameters varied from 60|im to 400^m in the experiments. The sharp increase in the 
emittance of the fibers upon melting was utilized as indication of reaching a known gas 
temperature. The accuracy of the technique was confirmed by both calculated low emittance 
values of transparent fibers, of order 0.01, up to a few degrees below their melting point and by 
the fiber-diameter independence of the results. This melting-point temperature was approached jj 

by increments not larger than 4K, which was accomplished by controlled increases of reactant if 

flow rates in hydrogen-air and/or hydrogen-oxygen flames. As examples of the applications of the 
technique, the gas-temperature measurements were used (a) for assessing the uncertainty in 
inferring gas temperatures from thermocouple measurements, and (b) for calibrating an IR camera 
to measure gas temperatures. The technique offers an excellent calibration reference for other 
gas-temperature measurement methods to improve their accuracy and reliably extending their 
temperature range of applicability. 


This is a preprint or reprint of a paper intended for presentation at a conference. 

ecause changes may be made before formal publication, this is made available with the 
understanding that it will not be cited or reproduced without the permission of the author. 


Ill, 1 


567 









INTRODUCTION 


• - 7 A, 



Accurate measurement of gas temperatures typically above 1500K (referred to as “histh” 
emperatures hereafter) is challenging. Thermocouple measurements at such high temperatures 
are not only perturbing, but also require corrections to account for the difference between the 
actual gas temperature and the measured thermocouple material temperature. These differences 
yP lcally lar f r ‘ han J°°K <“«*«* 300K for 2000K [1]) due mainly to radiative heat losses of 
the theimocouple. Furthermore, the uncertainties involved in determining the optical and thermo- 
physical properties of the gas and the thermocouple material, and in the heat transfer calculations 
reduce the reliability of these corrections. Moreover, the physical and chemical stability of 
ermocoup es to withstand the thermal loads and reactive environments prevailing at high 
temperatures naturally limit their life and maximum temperature of use. Aspirated thermocouples, 
though typically more durable and shielded for reducing radiative heat loss, make gas-temperature 
measurements even more intrusive because they require a lower pressure sink to enable gas 
aspiration over the thermocouple junction. Hence, the utility of thermocouples for inferring high 
gas temperatures to a level of accuracy better than +50K is quite limited. 

The use of optical techniques for measuring high gas temperatures has different drawbacks for 
accuracy. Methods based on emission pyrometry by utilizing thin fibers, though minimally 
perturbing due to their small size, still require well-characterized emissivity information and 
e lmination of spectral interference. Implicit optical systems based on gas density and refractive 
index measurements require known gas compositions, which are dependent on temperature and 
chemical reactions and harder to determine at higher temperatures. Other optical techniques rely 
on accurate spectral information for the emissivity/absorptivity of the gas mixture constituents and 
theoretical temperature-dependent population balance calculations to determine temperature 
They also generally require calibrations, which involve many times the use of thermocouples and 
hence, the resulting .measurements suffer from the same accuracy and peak temperature limitations 
mentioned above. For recent combustion research, even a sophisticated method involving the use 
of coherent ant.-Stokes Raman scattering (CARS) resulted in a temperature accuracy of no better 
than 2.5 /o on a flat flame burner, i.e., larger than +50K for 2000K [2], 

This work exploits the low emittances of optically thin materials (of the order of 0.01 until they 
melt) for a direct determination of gas temperatures at their melting points more accurately than 
other previously known techniques. The current technique has been demonstrated under 
by using four different oxide materials: alumina (AfeO,. melting point: 
2320K), ytma (Y 2 0 3 , meltmg pomt: 2690K), yttria alumina garnet (YAG, melting point- 2200K) 
and aluminaYAG eutectic (melting point: 2095K) (3 - 5], For the gas temperature range covered 
in this study (~ 2050K - 2700K), our measurement uncertainty was only limited by the 
r ®P orte f in the literature for the melting points of these materials; i.e., typically 
15K [3-5J. These four materials have been grown as pure (at least 99.999%), transparent thin 
fibers with a crystalline structure by using the laser-heated floating zone method [61. ’ The 
measured melting-point uncertainties during their growth were consistent with the literature 
values, except for yttna where the uncertainty was as large as +30K relative to the +1 IK reported 
in [5J. Because the fibers are high-temperature oxide materials, they are highly immune to 
chemical reactions and sublimation in conventional combustion environments and preserve their 
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bu^th^resul^ indwendent of^b* 1 * T betWeen ^ *° I60 W 

were sufficiently small to ascertain the accuracy of our «S *"* fib ^ emittances 

enough to be placed horizontally in cross-strewn of m.fl • ’ ?' Th ® fibers were stlff ^ strong 
and were able to withstand Ly sSn TZ JSEF*! h r 0 ‘ «ases (Reynolds number < 50) 
However, as soon as they changed phase and melted thJ° f .® , f ce * unt ‘,* ,heir melting point, 
such that they became highly emissive and much brighter f^ 8 ^ drasticaU y 

melting, and the associated abrupt chance in their eJ-M ' '' ^ VISUaJ observation of their 

temperature in the immediate vicinity of die fiber ’ “*** “ the indicator ofthc gas 

oniy “ to 

Hence, i, cm most effective be .‘-i* ■ “ *»cribed below, 

techniques, much improving their accuracy esneeiallv • sss-temperature measurement 

becomes increasingly questionable vjl anmied b in ttm J eran,r ' ! wh “ e ,htir reliability 

thentiocouple meawnnL,. mb .! i “ " to . !”* “ — • <*• eccunmy of 

2-2pm. Them i, no w,,,,., * ?*** S ° m ° tm '» 

than the atmospheric. The extension of the technicrL tn » I ^ t0 systems at P ress ures other 

accomplished by identifying the appropriate fiber materials. ^ temperature range <** ^ be 

experimental 

oriented, cooled, flat-flarabume?^^ '* " Fig 1 A circular . vertically 

burner allowed stable burning of Dremixed h A * ^ ,US °f ‘ 8cm was used for this study. The 

atmospheric pressure up to temperatures beyond°the nflt* hydro 8 er ^ ox y8 en gas mixtures under 
Technical-grade hydrogen and sTTLa the j neltm « P 0U1 ‘ of yttria fibers; i.e., > 2690K. 

adjusted to, and controlled at, desired levelTfrioMo Wjv 8 *" *? ^ ^ WWe individualI y 
igniter was placed close to the peripheral edJWfth? u 8 ,^ e " ,enng the bume r- A spark 
“< CCD eemems. Thin md sh« (- ll^D "f ** ™ 0f 1 "* ® 

support the fibers (60pm to 160pm in diameter) Sho^Tn^ ^bes were used to 

the tubes from the tube ends and bonded with a hioh ? P rtl0ns oFthe fibers were inserted into 
long fibers, protruding from ffiTn.be end RTV About 2cm- 

flame. This length was sufficient for the bonded tin afth on f!|l tal]y aJon H fiber axis into the 
and camera views. A remotelv controlled m « ,• P i tbe m , eta ^ ic t0 be out of the hot zone 
bearing tubes or thermocouples, as needed Each station 86 ^ f ° u statl0ns ,0 bold either fiber- 
allowing insertion and withdrawal of the fiber or the th ^ * ofaxia J and lateral motion, 

positions in the flame. the thennocou P ,c *° «nd from predetermined 

A. Flame Temperature Profiles 
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temperatures. The measurements were JL„ k !* ? f 30sIm ’ resuItul 8 « different flame 
thermocouple with a 0.5mm wire diameter t£,i 5L* M>-temperatiire-resistant Ir/Ir-40%Rh 
the stations of the rotatioiS 2L ^T n0 r l ennocou P ,c ««mWy was mounted on one of 

started from the outSde "le S E? ***** to traverse the flame radially where the bead 

thermocouple Mopped at etatioS wSw^e ST* ^ * ** *“*« ***■■ 

each to reach local thermal equilibrium before taking tyric^lS^i^ ?*’ **" 4 ° 
sohd line connects the measurement , c "*y , 10 readings over one second. The 

and the dashed line when it is being withdrav^frlm 1^™^“?' “ being hiertod int0 the flame 

ZS'StizzZz S &V™- m for 

hqooiciM tried; hence, the error bars sre too rmjtofcw m IhTmnVTh' ° '“a”*’ X 

£ ^wZ'STuT^S "7 luci “ e - Which “ ““ 

-on, i. rad,, „d ,h„ the ^53:^ » “ - 
B. Fiber-Melting Procedure 

We inserted the tip of each fiber to slightly bevond the “If nee” „#■ 

temperature region - hence most of the ^ • . , ee the curve mto the uniform 

occurred only S the i dp of Se fibl T Ier re » on of the fla ™ «l melting 

observed by CCD and m cameras wEi ^ fiber ' tip meltin 8 was 

boxes. The CCD camera looked alonff th#* fiKA so j late ? from the burner inside nitrogen-purged 
the front view of the pointhtefiber to® nL nT “1* * n “« nl Wn8 lens and «i focused® on 
focused on a, teas, a K/Sew^“e^^T“’ "* *— »d » 
the rotation stage before the flame was p ’ l 0CUSU1 S wa $ done for every fiber on 

position tased ®„ rhe M uKtS.'S* IS® * rnf " 

station after focus was recorded to within 0 2x0 W ^ ° ?h V™? ofeach 

camera. This procedure was n«-««r7l 2 ° .7 *? pucel resoI “‘'on of the CCD 

elevations during the installation. ThetC^e a^reof thfcCD^^ tubc/fiber lengths and 

lowest level in order to protect flu* 2T fES? • w “ 561 manuaU y the 

the aperture, the focused image of the transnarem fih 41 ^ amc conditions. Upon closing 

and aperture settings of the IR camera, howwer wereMwavs'&f^ 6 *!^ 71,6 gain 

provided by a remotely operated filter wheel and a shutter 50 ^ camera Protection was 

0^1 *»« ®°» the bumc „ 

of the specific fiber, bSed o„ iTeSSTST 5 ^ up cIos * t0 th « melting point 

adiabatic flame temperature calculations the fih<° m thermocouple measurements and 

determined precise Poi^^foci^^TOs^oc^u^prot^ed^helsi^ ^ ° W ^ * Pf^usly 

minimized its time at temperature. proceaurc protected ^ ^er from ignition transients and 
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SlSSsSsi^^fflKssjr- 

^H ( SSi^^*^SSSES 

C, Data Collection 

issasssrs 

S£ at the 00^^00^^^ gt^ow^f 

fibers at each station as well as the order TJ rates for comparisons. The identity ofth! 
highest, were deliberately randomized to mC,tin8 ' point fiber 

^hoTon RgT* d‘ ““i dr ° P *"*■** material 
twie fh ^ be seen from the photographs the^dianw pr ° v,ded Physical evidence of actual 

ST '%?"?' ° f the fiber . «d seemed to *«*• were typSj 

oogh tt. «*■« Jira «„ of ^ a<n „ , 
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spectral responsivity of the IR camera. Thi« >!« i«j SC w ® ve * en g^ was determined by the 
CO, emission bands although the experiments in this's* d ° Ut dlep< ? ssibd ' t y of interference from 
overall uncertainty of our L ZZT were limited to hydrogen flames. The 

determined to be ±15% -neasurements, inclusive of all data for each fiber case, was 

! - hydrogen & e, in order 
and could be considered pure for all prartic^imn^! 5 '!, 0 ^ 86 " b ? tt ' eS Were ,echnicaI grade 
bottles in the experiments varied beti^n^O^ito 2^%^y voIumt Ve^, * "**“ of * 

DISCUSSION OF RESULTS 

ET* Kc rssstT-r- *'-»* 

Alumina fibers were more readily available tSuhe others, m LX two ex P eriment * 
more than fifteen experiments. The two cases for vttri* *kl , d ^ 4,0011113 represent 
because the maximum temperature attainaht* r f* bad be done with pure oxygen 

yttria. The experimentTwe« ta ^domi^ e ^th^rMDM 1 to r A ameS ’i 5 "* Wgh ««* 
material, fiber diameters or batch of fibers suppIi«iXL V * n ° rder of fiber 

facility the gas-bottle temperature varied by no mote San lOK ThiS °5 ?*“ “! “ 0utdoors 
“ thC reSU, ‘ S mC,ude thesc rand °"> and day-to-day experiment v^aS, ^ rep0fted 

** "diab.Uc film. of *“""“1 

±0.5slm. As mentioned earlier the maximum ; . czses was determined to be 

were kept constant at 150s!m, was +0 2slm 0r ox yfi en fl °w rate, which 

for such variations in hydrin Tdlt ofoxv^w I'*?* ******* calculations 
in the corresponding flame temperatures for'LH, fix ”*** **“* the ma ximum uncertainty 

melting poin£ of fibers wUXS t[flTfp SZZiVZ £ 2* ^ *« 
experiment, as discussed above Therefore, th/ ™J??n f bctt f than 4K “> each mdividual 
governed by the +I5K uncertainty in tteXrt^f X of our measurements is 

data for alumina, YAG and alumina/YAG wtecticTh ^ P ° mtS of thes< ma terials. Hence, the 
where the width of the boxes reflects the overall ^0 5riS, 4 “ SmaI1 boxes 
hydrogen flow rates and height of the boxes reflectrthe +1 ,^ dard deviatl0n “ measured 
melting points. For ytrria, only the averaged v^ue^^^rte^^o l^rogen^M^rate mea^remwits 
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^ “ ±“* (« opposed to 
using the laser-heated floating zone technique [6] ® 6 ^ rowt * 1 P rocess of this fiber 

hydrogen Sow Set ^C3f*J USed > experimentally determined 
counterparts for air. as is shown in Fig JwS C2? 7"? ,arger th “ ** 

« to be expected for hydrogen-lean lames 2* C8,cu,at '? ns *« *K» behavior 

necessary for air to reach the same adiaba'tic ib£K2f“ " 2 "? T* hydr ° 8Cn 11,3,1 is 
reactant. There are two major reasons for this SfcST^S!* I*“ hydr0gen is the deficient 

capacity of air is smaller than that of pure oxygen becauseof th/h^f ^ molar heat 

nitrogen and oxygen gases [13] The second i-mc™ ' + ? C ^^t-capacity difference between 

of pure oxygenand l are fixed ? ITS! ^ ***> flow *• 

bghter molecular weight, than that of pure oxvcen ThT ^V”- C ° f ^ ,S SmaIIcr > due t0 its 
be negligible, as expected. Naturally the oxwen content*^ of mtrogen chemistry is found to 
longer the deficient reactant. The two curve7for air with 20»/T !o?v UnCS When hydrogen is no 
the range of different air bottles used in our experiments. * d 2 /# 0xygen fa y volume covers 

P ° iM! ° f ®«* •» reached ufa, the 
respective L.i^ pi , '^“e ™' W “>' '°° K "> 125K «H» b. £ 

e*pi«.«io„ i, ,hf, ; be ,W! d ® !ren “- «* 

conduction back to the burner, may be substantial^ tta n^Tt,** “““■ es f’^ a “S’ ™ 
as low as the melting point of fibers The i - ^ . actuaJ flamc ^P^ature may be 

be tub,, att, My tower ,h» Ut. a™, teutpe,,^ d^T^^cX^ , '"’ P '™ re 

increased to keep the XScfteXT"^ * h ^* h °» «■"» Utek 

total gas flow rate was determined to be 125slm forTstibie od^i‘ r^ 

Increasing the total gas flow rate for a riven flam* * ^ operation and for avoiding flashback, 
reducing the gru-Jpereture ££. S’ “* ^ ■» ■» 
trend also in our experiments which shows that S HiffiT ,!*“* there secms t0 be 8 
temperature and the fiber melting point become smaller \t£?£5 i*™? •*** 8d ‘ abat ' C fiame 
in our expenments, the total gas flow rate was increase h ? tal flo ) v ratc ^creases. However, 
which also increased the flame tempore Hen~T bymcreas L mg th * hydrogen flow rate 
deceimined by a competition b^S^uStottSSc^ T ? ** ta "“ r ~ 
temperature, which seemed to favor the reduction 7^ ? ‘ 8nd . the enhanced flame 

Indeed, it is remarkable that the hydrogen flow rate a » by increascd flow rate. 

(-2700K) gives an adiabatic flame temperature whS is L’l' • me,ting Was observed 

observation also provides strong ewdence .be, r.di.tive £ ^Td^ZS^ “* 

“ “i --*• >— - » -* - 


m.i 


573 


r 



material. This rehrinn.w l P 1 ~ ex P(-kd), where k is thJ i pr ?P ort| onal to the fiber 
becomes smaller or ^ ^ S | 10ws ‘I 131 33 the thickness of the mat ^ 5 1 SOrpt,on coefficient of the 

optically thick enough TbeoM^’ '*• * ransmitt3n ce gets larger ** emitt3nce 

the emiltance is to fa,™ ° P ,?“ e ' ! *. “ » I. to ft. JJL !*“. "" "“end become, 

“teteto „ a taSto? T* ■ b “'P*« tofficL“ fel'” 8 ""'”"- — 
coefficient infornMion at SS “ va ™» len.per.tos [8] W.«S“ , ?° ntd “ 
total emittance of a 125,1 w- comblned with the spectral rad IL V • tfus ^^‘ion 

to enPtto. Eb " ctoS toSTr'S “ “» 

Even if the actual emittanre ^‘i NaturaU y> thl 's value gets even smalW P f The caJcu| ated 

radiative correction, S J^{ r than our calculated vaJue bv i f l T' aIumina fibe «- 
other fibers ^ heaf trans *' correlation n $ 'ft * 0 '* 5 * We «timate a 

alumina, and cerSs Te JS ■“?* I5K ‘ Since the 

'etoicf.r, he condi, i„, so ^^^^ 

** — - - 

temperatures. This wac a ^ ber , sl2es » however, was within the „ ta ? darc ? deviation of our 
the sample, as given bv theTlV^l^ that emittanc e is exponentially !? the fiber meItin g 

•to o? m jz: F.to^rf ,p ir- m *• £ M r ,b * *• <■* 

five fibers from each ofl T ’ ° r the more «^vaiLe aZT JL S * ° f a,most 0I * 

TOpm-ldOum Such to ' cfes 0 7 m 1T„* « to 

*he fiber diteS Ih,, ” “"«™s «ut Ihe effecrs of to l 20 "”- “ d 

inlerpret this finding i 0 meM a,W " hcat r «itod to melt (he &i ' d,en,s across 

“V vtoion of Xtoe wS V ° f “» «w to sTsrSK “• "'S'/Sito We 

STtoZilff ’**' *“ '"“"pS'by to 

“ ,ht direc% — ^ 

We a Ppb’ed our technique fire „ 

^“s^' The 

•he gas 422? “ * “"toed. The toThS S''”'"" 5 “ which our 
both radiative and conductive ° m therrnocou Pie measurements after presents 

thermocouple material u a • co ° in ^ °f the bead. The thermal a ^5^® corrections for 
US TO judgXto , ° d “1 I"" «*“• are Ptoto of 



Xt sar rrsr' ^ 

gas temperature by more than 100K even aft^r^h * C • *^ at ° ne 080 ^ ^ ^ om actual 
thermocouple measurements for all three materi U COrrect,ons * The consistent underprediction of 

.0. »,. fe ™b*£X y“ SIS'* -1 WhiCh 

wouU«%b..p M of,l* u « OT ^ M ^ «* »»Pid. ra 

IS TZz'ttr? S™„‘?^“r, di r !ed ** "• *■»»*» 

bl d nd?a.iniTu e T(l™f«mp e S r ir " * ** * “**• *“ totoS Z 

calibration curve by a dashed line cfnlv for th t °- > ? na - Thereforc > w « extrapolated the 

our technique. Emission data taken bv usin/^th P ° SC ° f demonstrating a potential application of 

*t ““‘“o* of *<» the burf „ J JLTESS? “IT 

pomt measurements Given the unrertainti.. >u J , , . ““ for ,he fiber melting 

Oltodoncbtv, “• *** ” f 1 «- 

CONCLUDING REMARKS 

* bov ' l°°° K *“ “ - 

utilized which had abnint chlLZ ? ,C ’ . Purc ’ trans P aren > thin metal-oxide materials were 

forms and had known melting points u^to j°" meIti ? 8 malenals were in fiber 

were used to obtain ™e tl ^^tempmhtTO^^^^eM*f n air a ^ or tydrogen-oxygen flames 
controlled within 4K The experimental melt;™ • ? U temperatures 0011,41 be adjusted and 
diameters, which v*ied frpmS to 4^Tl meaSUnmenU> ™ ***** of fiber 
values, based on published absorption coefficient data, wStS of ord^O 

SsS^liWS 

demonstrated that the technique offers an excellent J ftraZf, ? r ? d L94m - 11 was 
measurement methods to improve^h^- wairaq^at temperatures. ^ 8as ’ tcmperaturc 
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figure 4. 


25" i ^* ba V c fl ^ me temperatures to melting-point measurements. 
Material type 1: Alumma/YAG eutectic; 2: YAG; 3: Alumina; 4: Yttria. 




^ 1 ’ 1 1 

2000 2100 2200 2300 2400 2500 2600 2700 2800 
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Figure 5. Temperatures measured and inferred 
by thermocouples versus “reference” 
melting-point measurements. 
Material type 1 : Alumina/YAG 
eutectic; 2: YAG; 3: Alumina. 


Figure 6 . Calibration curve for the IR 
camera. Material type 1: 
Alumina/YAG eutectic; 

2: YAG; 3: Alumina; 4: Yttria. 
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